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ABSTRACT
Context. Transiting exoplanets provide an opportunity for the characterization of their atmospheres, and finding the brightest star in
the sky with a transiting planet enables high signal-to-noise ratio observations. The Kepler satellite has detected over 365 multiple
transiting exoplanet systems, a large fraction of which have nearly coplanar orbits. If one planet is seen to transit the star, then it is
likely that other planets in the system will transit the star too. The bright (V = 3.86) star β Pictoris is a nearby young star with a debris
disk and gas giant exoplanet, β Pictoris b, in a multi-decade orbit around it. Both the planet’s orbit and disk are almost edge-on to our
line of sight.
Aims. We carry out a search for any transiting planets in the β Pictoris system with orbits of less than 30 days that are coplanar with
the planet β Pictoris b.
Methods. We search for a planetary transit using data from the BRITE-Constellation nanosatellite BRITE-Heweliusz, analyzing the
photometry using the Box-Fitting Least Squares Algorithm (BLS). The sensitivity of the method is verified by injection of artificial
planetary transit signals using the Bad-Ass Transit Model cAlculatioN (BATMAN) code.
Results. No planet was found in the BRITE-Constellation data set. We rule out planets larger than 0.6 RJ for periods of less than 5
days, larger than 0.75 RJ for periods of less than 10 days, and larger than 1.05 RJ for periods of less than 20 days.
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1. Introduction
The discovery of the first extrasolar planets over twenty years
ago through the radial velocity technique (Mayor & Queloz
1995; Marcy & Butler 1995) rapidly led to the detection of multi-
ple planet systems (Butler et al. 1999; Fischer et al. 2002; Marcy
et al. 2001). As the number of exoplanet detections reached into
the hundreds, the architecture of these systems began to show a
wide range of diversity in both their semimajor axis distribution
and their eccentricities. The unexpected detection of giant plan-
ets with semimajor axes smaller than the orbit of Mercury in our
own solar system rapidly led to the first detection of a transiting
planet (Charbonneau et al. 2000; Brown et al. 2001) and the sub-
sequent characterization of its atmosphere (Charbonneau et al.
2002). The Kepler satellite led to the discovery of over 2000 ex-
oplanets, along with over 365 multiple-planet systems where the
mutual inclinations of the planets is in the range of 1 to 2 degrees
(Fabrycky et al. 2014).
The signal-to-noise ratio of a transiting planet is partly
driven by the apparent brightness of the host star, and so sev-
eral searches are underway to find the brightest star in the sky
with a transiting planet. Several transit searches therefore focus
on the brightest stars, including the Multi-site All-Sky CAmeRA
(MASCARA), which surveys the sky from the ground for stars
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with magnitudes from 4 to 8 (Talens et al. 2017), and the Kilo-
degree Extremely Little Telescope (KELT), which searches for
transits from the ground for magnitudes from 8 to 10 (Pepper
et al. 2007). There are also future projects for measuring tran-
sits around bright stars via space telescopes. The Transiting Exo-
planet Survey Satellite (TESS) is planned for launch in mid-2018
and will look at stars 10–100 times as bright as Kepler (Ricker
et al. 2014). Further in the future is the PLAnetary Transits and
Oscillations of stars (PLATO). Planned for launch in 2024 it will,
among other things, look for terrestrial planets around stars sim-
ilar to our Sun1. Looking for the brightest star with a transiting
Earth-like planet is of great importance, as this would make it
an ideal target for further investigation with a telescope such
as the James Webb Space Telescope. The present-day interest
in Earth-like exoplanets is confirmed by the attention that the
TRAPPIST-1 planetary system received following its discovery
in 2017 (Gillon et al. 2017).
The β Pictoris system is a young (∼23 Myr; Mamajek &
Bell 2014) and nearby (19.3 pc; van Leeuwen 2007) system,
which consists of the star, a debris disk with several kinemati-
cal components, and one gas giant planet (β Pictoris b). The star
is known to be a δ Scuti pulsator: three pulsation frequencies
were discovered by Koen (2003) using ground-based photomet-
ric time series. Shortly after that, Koen et al. (2003) reported the
presence of 14 pulsation frequencies found from dedicated spec-
troscopic time series.
In 1983, IRAS detected excess infrared material around β
Pictoris (Aumann 1985). A year later, a circumstellar disk was
1 http://sci.esa.int/plato/
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observed optically around the star by Smith & Terrile (1984).
The disk is nearly edge-on and its outer extent varies from 1450
to 1835 AU (Larwood & Kalas 2001). Distinct belts around β
Pictoris have been detected at distances of 14, 28, 52, and 82
AU (Wahhaj et al. 2003), kinematically suggesting the presence
of planets in the system. The inner disk of β Pictoris is warped,
implying the presence of a secondary companion inside the disk
(Mouillet et al. 1997). The stellar and planetary parameters for β
Pictoris and its planet are listed in Table 1.
A planet was directly imaged in 2009 (Lagrange et al. 2009,
2010) at a wavelength of 3.5 µm by the NACO camera on the
VLT at Paranal. The planet β Pictoris b will not transit its host
star because of its distance from the star and its inclination of
88.81◦ ± 0.12◦ as seen from Earth (Wang et al. 2016); see Fig-
ure 1. Planets form from a natal circumstellar disk, and therefore
are coplanar with coaligned orbital angular momentum vectors,
as seen in multiple transiting systems in Kepler and the solar sys-
tem (Fabrycky et al. 2014). The high inclination of β Pictoris and
the morphology of the disk suggests that if there are any other
planets in the β Pictoris system then they will also have high
inclinations and possibly transit the stellar disk.
We examine photometric data from the BRITE-Constellation
nanosatellite mission, which observed β Pictoris for δ Scuti pul-
sations in 2015. In Section 2 we describe the BRITE data set,
and Section 3 is dedicated to the analysis we use on this data.
The results and conclusions are discussed in Section 4 and 5.
2. Data
2.1. BRITE-Constellation
The data for this study was obtained using BRITE-Heweliusz
(BHr), one of the BRIght Target Explorer (BRITE)-Constellation
nanosatellites. BRITE-Constellation (Weiss et al. 2014; Pablo
et al. 2016; Popowicz 2016) is a fleet of nanosatellites (6
launched; 5 operational) operated by a consortium consisting
of Austria, Canada, and Poland). BHr carries a red filter (Weiss
et al. 2014), and has a nearly circular Sun-synchronous orbit with
an altitude of approximately 635 km and a period of 97.1 min-
utes.
2.2. β Pictoris data
Observations were made between 2015 March 16 UT and 2015
June 02 UT for a total of 78 days. The original data set, which
can be retrieved from the BRITE Public Data Archive,2 consists
of 47330 individual photometric measurements obtained in stare
mode (Popowicz et al. 2017). After main data reduction pipeline
processing (Popowicz et al. 2017), the light curve was decorre-
lated using the steps described in Pigulski et al. (2016) and points
with excessive photometric deviations and noise were removed.
The final data set contains 44246 measurements (see Figure 2).
The frequency analysis of the BRITE photometric time se-
ries was performed using the software package Period04 (Lenz
& Breger 2005), which combines Fourier and least-squares al-
gorithms. Frequencies were then pre-whitened and considered
to be significant it their amplitudes exceeded 4× the local noise
level in the amplitude spectrum (Breger et al. 1993; Kuschnig
et al. 1997). We identified eight δ Scuti pulsation frequencies in
the range between 32 and 61 d−1 with amplitudes between 0.3
and 1.4 mmag, which were then subtracted from the data. The
2 https://brite.camk.edu.pl/pub/index.html
Fig. 1: Image of the β Pictoris system showing the geometry of
β Pictoris b and a coplanar third planet interior to b. A planet
coplanar with β Pictoris b i = 88.81◦ will transit along diminish-
ing chords of the star out to a radius of 0.34 au, corresponding to
an orbital period of 54 d.
Table 1: Stellar and planetary parameters for β Pictoris
Parameter Value Source
Total mass (MT ) 1.80+0.03−0.04 M Wang et al. (2016)
Radius β Pic (R∗) 1.53 R Wang et al. (2016)
Distance (d) 19.3 pc van Leeuwen (2007)
Radius β Pic b (Rp) 1.46 ± 0.01 RJ Chilcote et al. (2017)
Inclination β Pic b (i) 88.81◦ ± 0.12◦ Wang et al. (2016)
Semimajor axis (a) 9.66+1.12−0.64 AU Wang et al. (2016)
residual light curve was normalized to unity and yields a stan-
dard deviation of 0.86%. A detailed discussion of the pulsational
content of β Pictoris is summarized in Zwintz (2017) and will be
described fully together with a detailed asteroseismic interpreta-
tion in Zwintz et al. (in prep).
3. Analysis and results
We use the Box-Fitting Least Squares (BLS) algorithm to per-
form a search for transiting planets in the BRITE data. BLS is an
algorithm (designed by Kovács et al. 2002) that analyzes a pho-
tometric time series and searches for a flat bottomed planetary
transit, returning the most probable orbital periods and transit
depth. For this study, the “eebls” routine3 was used. These are
Python bindings for the original Fortran implementation of
BLS from Kovács et al. (2002), modified for edge effects when
the transit event happens to be divided between the first and last
bins, as the original BLS yielded lower detection efficiency in
these cases.
We first determined the parameters using an artificial data set
with the same cadence and noise properties as the BRITE data
set. Transits were injected into this artificial data and the rate of
recovery was determined from many random trials.
3.1. Determining the BLS parameters
A number of parameters can be set for the eebls routine: 1)
n f , the number of frequency points in which the spectrum is
computed; 2) fmin/ fmax, the minimum/maximum frequency; 3)
d f , the frequency step size; 4) nb, the number of bins in the
folded time series at any test period; 5) qmi/qma, the mini-
mum/maximum fractional transit length to be tested. The values
of these parameters used in this study can be seen in Table 2.
3 https://github.com/dfm/python-bls
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Fig. 2: Light curve of the detrended photometry from the BRITE satellite for β Pictoris over the 78-day run. The original detrended
data are shown in black, data binned over three-minute intervals are shown in red. Each subset covers a time span of 27 days.
Table 2: Parameter values in the eebls routine
n f fmin fmax d f nb qmi qma
1000 0.033333 1 0.00097 1750 0.005 0.12
16000 0.033333 1 0.00006 1750 0.005 0.12
A value of 1000 and 16000 was used for n f for the majority
of the simulations. The minimum frequency fmin was chosen as
1/Pmax, the maximum period to test for, and in the same way
fmax = 1/Pmin. The value of d f was calculated from the n f and
fmin (and fmax) values using the following formula:
d f =
fmax − fmin
n f
The value for nb is 1750, which allows for 25 data points per
bin for the longest trial period. For qmi and qma we used the
following equation to obtain transit durations:
Ttime =
P
pi
sin−1
 √(R∗ + Rp)2 − (bR∗)2a
 (1)
with
a3 = P2
G(M∗ + mp)
4pi2
, (2)
where P is the period of the planet and b the impact parameter.
A planet orbiting β Pictoris will have a transit duration of 7.5
hours for a 30-day period, corresponding to a transit fraction of
about 0.01, dropping to a transit period of 2.4 hours for a one-
day orbital period, corresponding to a transit fraction of 0.1. To
make sure the values of qmi and qma covered the period range
of this search, they were set to qmi = 0.005 and qma = 0.12.
3.2. Sensitivity plots
To test the sensitivity of the BLS algorithm in recovering tran-
sits from the BRITE data, fake transits were inserted into the
data set and then recovered. These transits were simulated with
the Python package BATMAN (Bad-Ass Transit Model cAlcu-
latioN; Kreidberg 2015). With BATMAN we simulate the transit
curve given a planet radius Rp(i) and periods P(i), along with
the stellar mass and radius and the orbital inclination (listed in
Table 1). A nonlinear limb darkening model was used.
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Fig. 3: Sensitivity map for β Pictoris using simulated Gaussian
noise. The red line indicates the detection limit set by Lagrange
et al. (2013).
3.2.1. White noise
The time data points and standard deviation of the flux from the
BRITE data were used to generate a data set similar to the BRITE
data with Gaussian noise. The BATMAN curves were inserted into
this generated data set and the BLS algorithm applied to generate
a periodogram. The highest peak in the periodogram was given
a rank k = 0, the second highest peak k = 1, the third highest
peak k = 2, and so on. If the period Pk=0 was within 5% of
the inserted period P(i) (so that |Pk=0 − P(i)| < 0.05P(i)), it was
considered a successful retrieval. For each trial of P and R, a new
transit model was injected into the data with the transit time T
randomized over the interval 0 to P. The rank of the period peak
that corresponds to the injected orbital period P was noted. The
mean rank k¯ was calculated as
k¯ =
∑
alln
kn/n,
where k¯ = 0 means that the correct period was identified in all
the trials.
The success rate of this retrieval told us whether or not we
would be able to find planets with radius Rp(i) and period P(i) in
the BRITE data. The period was varied between 1 and 30 days
in steps of 0.25 days. The 30-day upper limit was set to ensure
three transits detectable within the 78-day window.
The model radius was varied between 0.15 and 1.5 RJ in
steps of 0.15 RJ . The upper limit for this radius was based on
the Lagrange et al. (2013) radial velocity-based detection limits,
where they found that for a period of 3 days a planet of 1.5 MJ
can remain undetected with the current available data, while for
a period of 10 days this is 2.1 MJ . The results are displayed in a
sensitivity map of period P and radius R (see Figure 3).
3.2.2. δ Scuti pulsation analysis
The orbital period of the satellite (97.1 minutes) imposes a pe-
riodic window function on the photometry, and this appears as
Fig. 4: Sensitivity map for the β Pictoris photometry. The red
line indicates the detection limit from Lagrange et al. (2013).
Fig. 5: Periodogram of the original and the pulsation removed
BRITE data.
spectral power at 0.067469 days. The δ Scuti pulsations from
the star alias with this window function and act as a source of
systematic error in the photometry. This is seen in the reduced
sensitivity of the BLS analysis carried out on the β Pictoris pho-
tometric data seen in Figure 4.
The δ Scuti pulsations are removed according to the prescrip-
tion in Zwintz (2017). The subtraction of the pulsations results
in a decrease in power across the periodogram, as seen in Fig-
ure 5. The amplitudes of several peaks are seen to decrease and
several drop below the mean noise floor of the data. The transit
injection analysis is repeated for this data set. A visual inspec-
tion of the period folded light curves for the ten highest ranked
periods was made. No plausible transiting candidate is present
in the data. To determine the upper limits of the sensitivity of
this analysis, a sensitivity map of this data is made to determine
which combinations of period and radius can be excluded. The
result is shown in Figure 6.
4. Discussion
A radial velocity study by Lagrange et al. (2013) constrained
possible massive companions to β Pictoris, placing upper limits
on the mass of any companions. To evaluate the currently exist-
ing limits, we converted the mass limits into limits for the radii.
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Fig. 6: Sensitivity map for β Pictoris using the pulsation removed
data set. The red line indicates the detection limit set by La-
grange et al. (2013), whereas the solid black lines are an indi-
cation of the limits set by this study.
We used the Python package called Forecaster4 by Chen &
Kipping (2017). For a given mass, younger planets have a larger
radii at younger ages as they have a greater effective temperature.
This package is calibrated for much older planets, and it defines a
conservative lower limit on the mass. This package takes as input
the mean and standard deviation of the mass and returns a mean
and standard deviation of the radius. Using this package, the lim-
its for the mass given in Lagrange et al. (2013) were converted
into limits for the radius. The values we calculated are shown in
Table 3. The limits from Lagrange et al. (2013) are shown as a
red line in all the figures. Comparing these values with the sensi-
tivity map of the original BRITE data, seen in Figure 4 we show
a significant increase in sensitivity for smaller orbital periods.
Table 3: Mass radius relationship
Period (days) 3 10 100 500 1000
Mass limit (MJ) 1.5 2.1 4 12.4 16
Radius (RJ) 1.20 1.18 1.15 1.09 1.08
5. Conclusions
The sensitivity map of the pulsation removed BRITE data lowers
the limits of possible exoplanets as set by Lagrange et al. (2013).
As was discussed in Table 3, the limits set by that study were 1.2
RJ for 3 days, 1.18 RJ for 10 days, and 1.15 RJ for 100 days. We
find limits of 0.6 RJ for 5 days, 0.75 RJ for 10 days, and 1.0 RJ
for 20 days. However, because of the degeneracies in converting
radii to masses, these limits are best kept as constraints on the
radius of a possible β Pictoris c.
With β Pictoris b moving through inferior conjunction in
2017 (Wang et al. 2016), several projects are conducting pho-
tometric and spectroscopic monitoring campaigns looking for
the signatures of circumplanetary material in the Hill sphere.
4 https://github.com/chenjj2/forecaster
In order to provide a good baseline for this transit, BRITE-
Constellation has revisited β Pictoris from November 4, 2016,
to June 22, 2017. 5 The corresponding data are currently being
reduced. A photometric monitoring project called bRing (Stuik
et al. 2017) has two cameras surveying β Pictoris in South Africa
and Australia. The camera in South Africa already started ob-
serving in February 2017, and the one based in Australia started
observing in November 2017 6 7.
Although such observations are intended for detecting the β
Pictoris b Hill sphere, they can also be used as additional data for
the method used in this study. By doubling or tripling the number
of data points, the sensitivity of the plot to smaller radii planets
will increase and enable tighter constraints on, or the detection
of, smaller planets.
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